-A177 629 RERL TINE IMPLENENTATION OF NONL INEAR OP ICAL N
e OCESSING FUNCTIONS(U) HUGHES RESEARCH LABS MALIBU CA
FER ET 8 SEP 86 AFOSR-TR-87-8219

8 H SOF
UNCLASSIFIED F49620-84-C-80 F/G 20/6




",

P

L T o e o~

o 2

W TN I A NS TN T W

I
[- ]

2

22

S

iz flie pe

o

]

L

TTFEERE
N T

—
—
rr
H
re
F
(=]

oL

LS
L e

MICROCOPY RESOLUTION TEST CHAKI

RTINS TP S VANGARDY Taks g

R T v"\'l--—.“-“““.ﬂ""“nT

T A )

L LS ILIRIRs " o)
; SRR

LMGIRN LRI ASARY,




o e - -

SO XN

(P30

e

_,,,.
N

,....
Yoty

AD-A177 629

EAL-TIME IMPLEMENTATION OF NONLINEAR

WS RN ROV EU TN WO N W W W W I A W WY S

@

AFOSR-TR- 87-0219

PTICAL PROCESSING FUNCTIONS

2 e
e
4% po
Tnel “F o
B.H. Soffer, Y. Owechko and E. Marom por vy e T T e
Lo .:: R _,: - ,;-...._-«:_ ] o . '.. ‘-'l)- -
Hughes Research Laboratories Che, M0y '_j)’ el . T :'.1,}.'3,,)
. Vi, T . .\,:‘._ N s a4 /- -
3011 Malibu Canyon Road Sek . "
. d IIJ ) <15 1 iS
Malibu, CA 90265 iy =2
“Clan
~3 L‘isio

September 1986

F49620—84—C—0096

Annual Technical Report
1 September 1985 through 31 August 1986

This manuscript is submitted for publication with the understanding
that the United States Government is suthorized to reproduce and dis-
tribute reprints for governmental purposes.

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
Bolling Air Force Base
Washington, DC 20332

DTIC

ELECTE
FEB2 7 1387

‘D

¢, .
-
E -
E S ]
"y 87 2
' E t. 2 26 054
K)
Y. .' . 'rv‘ LR - f" P N "’ - 0‘)‘ f "\§" 14 - - - - I- ™ ‘* - - ‘h‘ V\ “q "‘ b Y% Y A > n_J _‘)\.-'\‘h\’r\‘\.. 9
‘,‘\:!.l“. SR O 0 B ST e o A‘&l‘:‘! 3‘!’:'5 .""ﬂ‘)‘!' NN J" N ..! !‘l :.l .'5'5:‘!00 N '.'n‘. e \- 3 e'. gl 00,4, ,'. R e ' B



LW T T VAN YV
.lllq
PR

...I‘ 3

" ol e L Akl R ahi” n A A allat Alav Db aul B e A ob G i & iy

UNCLASSIFIED

,\'.ECURIYY CLASSIFICATION OF THIS PAGE
o

—
-

il Bab e 41 Aue Ahe e dn ai oy

e
REPORT DOCUMENTATION PAGE

hahlecal <al i Aat el e d-Aa A L ACh gia o B mia abhiaih avs aah b ood o]

e TR R S = A .

REPORT SECVRITY CLASSIFICATION

1b. RESTRICTIVE MARKINGS

—_——

{

Unc]ass1f1ed
s. SECURITY CLASSIFICATION AUTHORITY
20. DECLASSIFICATION'DOWNGRADING SCHEDULE

‘%

3. DISTRIBUTION.AVAILABILITY OF REPORT

This document is furnished unde~ the referenced contract. It
containg information which discloses sn invention in which the
Government has an interest (see psges 69 through 87). This
information must be withheld from reiesse to the public pursusnt
to 36 USC 206 to enable the filing of a pateat application.

4. PERFORMING ORGANIZATION REPORT NUMBER(S)

0

S. MONITORING ORGANIZATION REPORT NUMBER(S)

AFOSR-TR- 87-0219

OFFICE SYMBOL
+1f applicadle)

* “68. NAME OF PERFQORMING ORGANIZATION
Hughes Research Laboratories

b.

Air Force Office of Scientific Research

78. NAME OF MONITORING ORGANIZATION

_',Gc. ADODRESS (City. State and ZIP Code:

'J 3011 Malibu Canyon Road

7o. ADDRESS (City. State and ZIP Code)

Bolling Air Force Base

Malibu, CA 90265 Washington, DC 20332
'48s. NAME OF FUNDING/SPONSORING 80. OFFICE SYMBOL |9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION ] (If applicable) .
T o w74 = SAme 455
s Bc. ADDRESS (City. State and ZIP Code 10. SOURCE OF FUNDING NOS |
- PROGRAM PROJECT TASK WORK UNIT I
, ) ¢ 7 O ELEMENT NO. NO | NO. NO.
: . o c .
« ! |
e ~ - T T (
. Y@ 11. TITLE /Inciude Security Classification: é //(j—/» /‘ 1 }< \/(/ 2 6‘/
:.’ IREAL-TIME IMPLEMENTATION OF NONLINEAR OPTICAL PROCESSING .
. L

12. PERSONAL AUTHORIS)

B.H. Soffer

13a. TYPE OF REPORT
Annual Report

13b. T'ME COVERED

1
FROM 1 Sept 1985 to 31 Aug 198Jﬁ

4. OATE OF REPORT .Yr, 16 PAGE COUNT

1986 Sept 30

Mo.. Day

16. SUPPLEMENTARY NOTATION

any copyrug_t nctation hereon.

Research sponsored by the AFOSR (AFSC), under Contract F496820-84-C-0396.
is suthorized to reproduce and distribute reprints for governmental purposes notwithstanding

The U.S. Government

COSATI CODES
GROUP

18. SUBJECT TERMS (Co.

FIELD S$uB_GR

Optical signal processing, optical data processing, signal
processing, data processing, liquid crystal devices,
X associative memory,

ntinue on reverse f necessar~ and identify by block number)

neural networks

’ - 19. ABSTRACT /Continue on reverse if necessary and dentify by block number,

Optical data processing has not yet achiev

-

real-time image modulator, and because optical
limited to linear operations. The continuing
these issues by studying the implementation of
techniques. The various implementations studi

.

aAs

-l

tasks by Hughes Research Laboratories.

masks,
grant.
transformation,

speed compared with conventional electronic techniques,

employed real-time liquid-crystal light valves developed and specially modified for these
One approach we investigated early in the program
was to modify and characterize the twisted-nematic liquid-crystal (LC) devices,
use them in a coherent optical data-processing apparatus using special half-tone screen
custom designed for special functions at USC in a cooperative effort under an AFQSR
Using the half-tone mask technique, we demonstrated logarithmic nonlinear
permitting us to simplify multiplicative images and perform homomorphic

ed its potential of increased capacity and
primarily for lack of a practical
techniques have been almost exclusively
research outlined in this report attacks
real-time nonlinear parallel-processing
ed in this program for the most part

and then

20 OISTRIBUTION AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
E?:‘:E:" UNCLASSIFIED/UNLIMITED _ same as ReT X pricusens O UNCLASSIFIED
'}..:. . 228 NAME OF RESPONSIBLE INDIVIDUAL ) 22b TELEPHONE NUMBER 22¢ OFFICE SYMBOL
v BHsoffer (Lo (oo <éT§§“3¥Zf§33ﬁ,’ e
% -DD FORM 1473, 83 APR EOITION OF 14N 7315 0BSOLETE i UNQLASSIFIED R
= M1 v ILASS.F CAT ON CF THIS PAGE
R T ERNAIEW N




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

filtering. Furthermore, a novel analog-to-digital converter based on a modified pure
birefringence LCLV was developed. It can perform real-time paraliel processing using
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milliseconds. A theoretical and experimental! study of the behavior of the liquid crystal
molecules in the VGM effect has yielded much information concerning molecular orientation {
and thresholds. A study of the dynamics of grating formation and relaxation was carried .
out in order to improve the VGM response time. In cooperation with USC, the final studies [
of the physical basis of the variable grating mode (VGM) effect were brought to a close
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perform this important function with many system applications. Separately work has been
initiated in cooperation with Dr. A. Tanguay at USC on the general limits and
optimizations of optical systems. Another task pursued was the conception and o
experimental demonstration of a new technique for subtracting images in real-time using a N
single LCLV. This simplication of earlier subtraction schemes should prove useful in a
variety of fields including surveillance, robotics and inspection and control of

.
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manufacturing processes. ii
During this program period we continued in a new and very important direction begun at

the end of the last period. We are developing an all optical associative memory using .

holographic storage of the data base and phase conjugate mirrors to provide feedback, N

nonlinear thresholding and gain. Associative memories can, for example, recall the a"aj

closest memory to a given partial, noisy or corrupted input addressed to the system. They

can, among other things, classify inputs and also heteroassociate one image with another.

We have demonstrated grey-level image recall and image recall with multiple stored images

from partial-image input to the system. We have studied the analogy between our system

and other neural network models of associative memory. We have also studied the e

theoretical Iimits of storage capacity and signal to noise ratio of our model. o

Alternative concepts and devices that exhibit, like VGM, the fundamentally new and ~

important property of converting intensity variations into positional variations, but

which potentially are faster yet, were further investigated in this period. &~
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SECTION 1
INTRODUCTION

For the past two decades optical data processing (ODP) has
promised a vast increase in processing capacity and speed over
conventional electronic techniques. This promise has never been
fulfilled for several reasons, most notably because of the lack
of a practical real-time image modulator, or light valve, and
because optical techniques were almost exclusively limited to
linear operations. These restrictions have been removed by the
development of the liquid-crystal light valve (LCLV) by Hughes
Research Laboratories (HRL), and by nonlinear parallel-processing
techniques developed by the University of Southern California
(USC). Thus, it is important to determine how successfully
nonlinear parallel-processing techniques can be implemented in
real time with the various LCLVs. 1In addition, other new optical
technologies, highly developed at HRL, such as four-wave mixing
and phase conjugation have inspired a novel research direction
for this program in the field of optical associative memories and
neural networks as models for computing. Here the phase
conjugation provides the desired nonlinearities.,{

The implementation and evaluation of these techniques have a
direct relationship to current Air Force technology. Pertinent
Air Force interests include multidimensional real-time signal and
image processing with varied applications, including nonlinear
filtering for trajectory control and guidance, "smart" sensing,
picture processing, and bandwidth compression, image and target
recognition and symbolic processing. These technologies could
benefit substantially from the increased processing capacity and
speed that this research may yield.

In this section we describe our optical methods and the
motivation for studying a real-time application of those

techniques. In Section 2 we describe the progress made during

the current program year.
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P> Until now, specified nonlinear operations have been performed .
x only with great difficulty. Coherent optical techniques are .
{- essentially restricted to linear operations. Digital processing ;
- to produce nonlinear transformations is possible, but only in a
i; slow, serial fashion. Certain nonlinearities can be produced by K
ii special photographic techniques, but the speed, accuracy,

f reproducibility, and dynamic range of these techniques are x

;k limited. *

3£ We have been pursuing different tasks to attempt to overcome -

‘ﬁ these shortcomings. The first made use of special half-tone :¥
screens to modulate the input image in conjunction with coherent -

" optical processing. This technique had made it possible to )

-3 implement nonlinear effects when higher orders of the half-tone

42: diffraction pattern are examined by spatial filtering. Sawchuk ;ﬁ

o and Dashiell of USC have shown, using specially fabricated half- -

i: tone screens, how a very wide class of two-dimensional point

'EZ nonlinear functions can be implemented with a large dynamic range

’i as a function of screen design and diffraction order. The -

. nonlinearities can be continuous or discontinuous. Operations '

g: such as taking logarithms, exponentiation, level slicing, )

a; intensity bandstopping, and histogram equalization can be ;

;: performed. We have expanded the half-tone screen technique by

s substituting a real-time photo-modulated LCLV for the static -

1;: photographic recording medium, and we have successfully i

3 demonstrated a logarithmic nonlinear transformation using this -

‘3 technique. This transformation is useful for homomorphic- -

_§ filtering applications as we have demonstrated. In cooperation =

. with USC, we have also studied the performance potentials and i

:j limitations of this implementation and how to iteratively modify .

ﬁi and improve the LCLV and half-tone masks. ;

e A second general method which we have studied also overcomes

{E the limitations of serial or photographic processing; it employs,

Ea in one realization, a liquid-crystal effect variable grating mode
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(VGM) that can, when incorporated into a new type of

photoconductive structure, automatically map image intensity

»

variations into positions in Fourier space. Filtering and

reconstructing can then yield many desired nonlinear

L 8

transformations of the image without the need for specially

LI
1 R

constructed half-tone masks. A new additional parameter, the

intensity, has thus been made available for optical image and

=

data processing. Recognizing that logical operations are merely
a special case of nonlinear operations, we have demonstrated a
unique and highly advantageous optical computing scheme using the
VGM technique. The VGM device is still in an early stage of

5 development and much material research and device development
would still be needed to make it into a practical, real-time,

I reliable optical image modulator. We have discovered and

= investigated a novel technique for spoiling the long-range order
in the VGM domains by modifying the substrates in order to effect
a remarkable improvement in the temporal response of the device

from the previous values of many seconds to the present value of

.i tens of milliseconds. Empirical and theoretical studies of the

basic VGM effect have been made, including the study of the

detailed optical polarization properties of the VGM optical

diffraction patterns and the minimization of free energy

g calculations, with the goal of completing the modeling of the
molecular configuration of the liquid crystal system. The

o results of these studies may result in the molecular engineering

N of liquid crystal mixtures with more rapid temporal response.
The studies of the physical nature of the VGM effect are

g essentially done and were completed in this program period in

collaboration with USC. We are also studying alternative

. 5,

.J 'l L]
.

practical realizations of intensity to positional mapping which

oty
[, 'Sv' :'

may overcome some of the shortcomings of VGM, yet retain the
great flexibility offered by intensity-to-positional coding.
We also had devised in the last period a method using LCLVs

s de

. to enable, for the first time, the entirely optical analog

a
»
e

o =0
2 A
o )

q
re e
PV W N WY

-
s e
«

’

1

. ..' .A L
¢

-
&~

O

A R N
;‘.'A'.A.




JOF gie MR PR

--.‘,
o 22N sl

-
PRI

- "L > -l

|
VA AR AN

=i P PRaT NI

division of two arrays of numbers or images, pixel by pixel in
real-time. This work was brought to conclusion with a successful
experimental demonstration. In addition a technique to perform
real time substraction using a single spatial light modulator was
also developed.

We began in the last period an important new direction for
the program, the all optical associative memory. This work was

emphasized in the current reporting period.
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SECTION 2
PROGRESS DURING CURRENT PROGRAM PERIOD

 _J

During this program period we pursued several new tasks.

E; Work was initiated in cooperation with Dr. A. Tanguay at USC on
the general limits and optimizations of optical systems. Also in

! | cooperation with USC, the final studies of the physical basis of
the variable grating mode (VGM) effect are being brought to a
. close. Alternative spatial frequency to positional mapping
. schemes, based on gradient index beam deflection, were also
- investigated in this period. A new and very important direction
" for the program was taken with the inception of work on an all
optical associative memory using holographic storage of the data
base and phase conjugate mirrors to provide feedback nonlinear
+hresholding and gain. Associative memories can, for example,
recall the closest memory to a given partial, noisy or corrupted
input addressed to the system. They can, among other things,

i classify inputs and also heteroassociate one image with another.

A. OPTICAL ASSOCIATIVE MEMORY

In this program period we have developed a new task: the
research and development of an all optical associative memory.
! Partial noisy or incomplete information addressing the
associative memory system will retrieve the closest stored
f. complete image. Our novel approach is in part to store multiple
3-D images or data bases globally in the holograms. Each of the
s multiplexed images is stored with its own angularly coded
reference beam in the recording phase. In retrieving the
information, retroreflection, nonlinear thresholding, feedback,
and gain are achieved with phase conjugate mirrors. A technical
discussion of our concept and the results of our preliminary
experiments are described in the following reprint of a recent

Optics Letters paper.
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Associative holographic memory with feedback using
phase-conjugate mirrors

LAV Ma e At Al Mat Bl miey Sat Aos Aod mop g

B. H. Soffer, G. ]. Dunning, Y. Owechko, and E. Marom

Hughes Reseurch Laboratories. 3011 Malibu Canvon Road. Malibu. California 90265

Received September 30. 1985: accepted November 18. 1985

We describe an all-optical associative memory system that uses a holographic data base. Phase-conjugate mirrors
are used to provide optical feedback. thresholding. and gain. Analysis and preliminary experiments are discussed.

The principle of information retrieval by association
has been suggested as a basis for parallel computing
and as the process by which human memory func-
tions.! Various associative processors have been pro-
posed that use electronic or optical means. Optical
schemes,” " in particular those based on holographic
principles,’&" are well suited to associative processing
because of their high parallelism and information
throughput. Previous workers® demonstrated that
holographically stored images can be recalled by using
relatively complicated reference images but did not
utilize nonlinear feedback to reduce the large cross
talk that results when multiple objects are stored and
a partial or distorted input is used for retrieval. These
earlier approaches were limited in their ability to re-
construct the output object faithfully from a partial
input.

Recently a matrix-based associative memory model
using feedback and nonlinear thresholding was de-
scribed.!® The concept has been demonstrated for
one-dimensional data by digital computation as well
as by optical means.? Storage of two-dimensional
data (images) would result in a four-dimensional asso-
ciation matrix. making the problem much more diffi-
cult to handle electronically or optically.

It is the purpose of this Letter to present a parallel
optical assoriative memory system with feedback that
is implemented with holograms and nonlinear optical
elements. The global memory. a hologram, is capable
of storing multiple three-dimensional objects, thus
overcoming one of the limitations of the matrix-based
approach. The nonlinear interaction is achieved by
using phase-conjugate mirrors (PCM's) to provide the
regenerative feedback, thresholding. and amplifica-
tion mechanism.

The formation of a hologram involves the exposure
of a light-sensitive medium with two coherent wave
amplitudes Afu, v) and B(u, ') generated by two ob-
jects a and b. When the hologram is irradiated by a
complex wave front A(u, v), which is a distorted or
incomplete version of A(u. ¢}, the amplitude transmit-
ted by the developed hologram is proportional to

AlA+ B|:=A|A|: +|B|)) + AAB + AAB. (1)

O 46 9592 w6 D201 1% 0382 00 0

¢

where a bar (e.g., A) indicates the complex conjugate
of the unbarred function.

The last term of this expression is essentially the
convolution of the object b with the correlation of a
and a. For most natural objects there is sufficient
phase variation so that if a is identical, or close, to a,
their correlation provides a sharp peak and b is faith-
fully reconstructed.

Multiple objects b, can be stored in a hologram, each
associated with a different reference wave a,. This by
itself acts as a linear associative memory, so that a
distorted 4, can be represented as a weighted superpo-
sition of several a,, without discrimination.># To dis-
play the image b, most closelv associated with 4,, one
needs to eliminate all other images, retaining only
AAB.

A common use of associative memories is one in
which, given a,, one is interested in the determination
of a,, the stored undistorted record, rather than in its
mate b,. The mate, however, is necessary to help iden-
tify the record i; thus, if the last term in Eq. (1) is used
to readdress the hologram, one obtains

AAB|A + B|* = AAB(|A|* +|BJ)
+ AABAB + AABAB
= AAB(|A|* +|B|) + (AA)B|*A
+ AA°B:. @

Note that for most objects a and b, their phase
variations will result in uniform intensity distribu-
tions|A|‘ and |B|- at the hologram. These terms will
only slightly alter the transmitted amplitude, leaving
its phase almost unaffected. (If A = A the phase is
perfectly regenerated.) As a result the underlined
term represents a close restoration of the field distri-
bution A, which in turn reconstructs object a. It
should be noted that this discussion treats a single
image recorded on a hologram. analvzed in a linear-
approximation model. If multiple images were pres-
ent. the analvsis would show that there is poor dis-
crimination between the desired image and the cross
terms. The addition of nonlinear elements that pro-
vide thresholding and feedback improves the discrimi-
nation, as described below.
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Psaltis and Farhat! in a recent paper briefly de-
scribed an associative memory scheme based on a two-
hologram configuration. The thresholding element is
in the image portion of the loop, similar to Hopfield's?
approach.

In our system we combine the principles of holo-
graphic memories and PCM’s to impiement a novel
nonlinear holographic associative memory. Only a
single hologram is needed in this configuration, and it
is simultaneously addressed by the object as well as by
the conjugate reference beams, the latter acting as the
kev that unlocks the associated information. PCM’s
are used for beam retroreflection as well as for gain
and thresholding. This provides the necessary non-
linearity, emphasizing only the strongly correlated sig-
nals.

The memory consists of a hologram in which a
stored object, a,, is written using a plane-wave refer-
ence b, as illustrated in Fig. 1. The two legs of the
memory consist of a reference leg and an object leg,
each with its respective PCM. A partial or distorted
input object &, generates a distorted reference beam b,.
The distorted reference b, is focused by the lens onto
PCM 1. PCM 1 is a thresholding conjugator, e.g., a
stimulated Brillouin scattering cell or a self-pumped
photorefractor. The desired plane-wave reference
component of b, forms a bright spot on PCM 1 (PCM 1
is in the Fourier plane of the lens). PCM 1 will select
this bright region (thresholding), conjugate it. and re-
flect it back toward the hologram as a partially re-
stored reference b,. This partially restored reference
then illuminates the hologram and generates a partial-
ly restored object a,, which is conjugated and reflected
by PCM 2 back to the hologram (without threshold-
ing). The round trip is then completed and the cycie
repeats. The image restoration proceeds at a rate
governed by the phase-conjugate resonator’s response
time.

If the combination of PCM 1 and PCM 2 has gain
comparable with the losses in the system, the output
w’" -onverge to a real image of the complete stored
object. If a fixed hologram is used, many objects can
be stored in the hologram by using different reference
waves. The memory will then select the stored object
that has the largest correlation with the input object.

The object and reference legs are self-aligning with
respect to the hologram because of their phase-conju-
gate nature. There is an alignment requirement, how-
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Fig. 1. Implementation of an associative holographic mem
ory using PCM's.
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Fig. 2. Schematic of experiment that demonstrated the
complete object image reconstruction from a partial input
image.

ever, between the input &, and the stored object a..
The translational alignment accuracy required can be
reduced by utilizing a Fraunhofer (Fourier-transform)
hologram. The Fourier transform of most objects has
a large zero-order term, placing a large dvnamic range
requirement on the hologram to avoid distortions of
the stored object. However, such distortions may be
desirable since the relative reduction of the zero-order
term will result in the enhancement of high-frequency
components, i.e., edges, which will help to orthogonal-
ize the stored objects and improve discrimination.
The use of BaTiO; as a PCM also has been shown to
provide edge enhancement.!"

A possible variation of the system would be to use a
spatiaily modulated reference beam in the formation
of the hologram. For example, the stored object q,
could serve as its own reference beam if a beam splitter
were emploved in the proper location. Furthermore, a
different object could serve as a reference, resulting in
a heteroassociative memory.

We have demonstrated in preliminary experiments
the total reconstruction of an image when only a par-
tial image addressed the system. This was done in the
single-pass configuration shown in Fig. 2, which con-
sisted of a single-image hologram. acting as the memo-
rv element, and a nonthresholding PCM. The holo-
gram was recorded at 514.5 nm using a Newport Cor-
poration thermoplastic holographic camera. The
PCM was produced by degenerate four-wave mixing in
the photorefractive crvstal BaTiO.. Tyvpical parame-
ters for PCM operation are wavelength 514.5 nm: for-
ward and backward pump fluxes 3.3 and 11.5 W/cm-,
respectively: internal pump-probe angle 26°: and in-
ternal angle of grating & vector to ¢ axis 13°. The
hologram was generated by recording the interference
of an object beam’[a transparency of four geometrical
shapes (Fig. 3A)} and a spherical diverging reference
beam at the hologram plane. On illumination of the
hologram. or of part of it. bv the object beam. the
diffracted beam propagating in the original direction
of the reference beam becomes the probe beam for a
degenerate four-wave mixing (DFWM) svstem. The
signal generated bv DFWM is the phase conjugate of
the probe, i.e.. the reference beam propagating in re-
verse. When the DFWM signal illuminates the holo-
gram a portion of it is diffracted. recreating the object
beam. This recreated object beam has all the infor-
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Fig. 3. Experimental results: A, image <tored in memorv: B,
incomplete input image: . associated output image (retlect
ed by a mirror).
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Fig. 4. Schematic of experiment that demonstrated opera-
tion of a phase-conjugate resonator with muitiple intra-
cavity holographic gratings.

mation originally contained in the input image. Thus.
by using the input of a partial object image (Fig. 3B).
merely one of the four geometrical shapes, the entire
object image of four shapes was regenerated (Fig. 3C.
As expected, the system did not reconstruct the object
image when the input object was translated from the
original position at which the hologram was recorded.
This verifies that the complete output »bject was in-
deed generated by the incomplete input object and not
by any other beam.

In order to simulate thresholding and address the
issue of angular multiplexing of objects. we demon-
strated that a phase-conjugate resonator can operate
with multiple intracavity holographic gratings (keep-
ing in mind that a hologram can be decomposed into a
set of simple gratings). The gratings were made in
dichromated gelatin and had a =~60% diffraction effi-
clency at 514.5 nm. The resonator, shown in Fig 4.
consisted of the phase conjugator {a pumped crvstal of
BaTi0O.with a small-signal reflectivity of 25}, an intra-
cavity hologram of two superimposed gratings. and
two output couplers normal to each of the diffracted
heams. The resonator could be made to oscillate be-
tween the conjugator and either output coupler bv

adjusting the loss in either path. The loss in either
leg. introduced to simulate threshold behavior. was
changed by placing neutral-density filters between the
output coupler and the hologram. By measuring the
power in each leg it was determined that in steadv
state only one leg oscillated at a time. This can be
explained by the tact that in the conjugator the two
resonator modes overlap physically and are competing
tor the same gain region. Therefore the mode with
less loss builds in amplitude at the expense of the
other. In additional experiments we have operated a
double-PCM resonator by replacing mirror 1 shown in
Fig. 4 bv a second PCM.

An all-optical associative memory emploving a holo-
gram in an optical cavity utilizing PCM’s has bheen
described and initial experimental results presented.
The PCM’s provided nonlinear feedback, threshold-

ing. and gain, improving the selectivity and stability of

the memory. The reconstruction of an object tfrom a
partial input was demonstrated. Using simple plane-
wave objects, we have shown that, by adjusting the
threshold. either one or both objects could be made to
build up in the PCM cavity, demonstrating that the
memory is nonlinear and selective. The recording
medium could be replaced with real-time media such
as photorefractive crvstals. Thicker recording media
have the added advantage of higher angular selectiv-
itv, thus permitting greater discrimination between
images and storage of a larger data base.

We thank C. DeAnda for technical assistance and T.
O'Meara. D. Pepper. D. Psaltis. and G. Vallev for help-
ful discussions.

This research was supported in part by the U.S, Air
Force Office of Scientific Research.
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We have in this period demonstrated associative recall from a
partial image which has a large gray-scale range. We have also
demonstrated associative recall with two separate images stored
in the hologram. In addition we have made a preliminary study of
the analogy of our method and model to that of Hopfield,
comparing and contrasting the two. The technical details of
these studies are described in the reprints of the several
presentations on this subject we have given and their abstracts

are produced here.
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All Optical Associative Holographic Memory with Feedback
Using Phase Conjugate Mirrors

by
G.J. Dunning, E. Marom, Y. Owechko, B.H. Soffer

Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, California 90265

ABSTRACT

An associative holographic memory utilizing phase conjugate
mirrors as a nonlinear feedback mechnism is described.
Addressing the system by a partial or distorted version of the
stored data generates the complete version most closely
associated with that input.

13



LY

P A -

Pl

CA TR T > ¥

854

> X 2 & 5 8 »

'. 1‘_ ‘-_ l‘_

All Optical Associative Holographic Memory with Feedback
Using Phase Conjugate Mirrors

by
G. J. Dunning, E. Marom, Y. Owechko, B. H. Soffer

Hughes Research Laboratories
3011 Malibu Canyon Rd.
Malibu, California 90265

SUMMARY

We propose to use a hologram as a storage medium in an all
optical feedback configuration which includes phase conjugate
mirrors. The associative properties of holograms have been
suggested earlier by Gabor. Addressing the system by a partial
or distorted version of the stored data generates the complete
version most closely associated with that input. The phase
conjugate mirrors are used to form an optical resonator,
containing the hologram, with threshold adjustment such that only
the strongest reconstructed image and its corresponding reference
beam are fully reconstructed.

Because a hologram can be decomposed into a set of single
holographic gratings, we demonstrated that a PCR (phase conjugate

resonator) can operate with multiple intracavity gratings. The
resonator consisted cf the phase conjugator, BaTi0,, an
intracavity hologram of two superimposed gratings and two output
couplers normal to each diffracted beam. The resonator
oscillates between both output couplers unless there is a

different loss in each path. By adjusting the loss and
therefore, the threshold, either leg of the resonator could be
made to oscillate.

To replace permanent holograms, the use of photorefractive
materials for real-t.me adaptive associative memories will also
be presented.
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Optical Holographic Associative Memory Using
a Phase Conjugate Resonator
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Abstract

An all-optical fully parallel associative memory system is described which utilizes a
holographic data base. Phase conjugate mirrors are used to provide feedback, thresholding,
and gain. The memory is compared to the Hopfield neural network model of associative
memory and preliminary experimental results are presented.
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Introduction

A large body of research work in the area of neural network modeling has demonstrated
the feasibility of associative memories based on systems of distributed and interconnected
memory elements with nonlinear feedback.!'? Such associative memories have several useful
properties such as reconstruction of an output from a partial input, heteroassociation, and
relative insensitivity to damage or modification of the individual memory elements since
data are stored globally over all the elements rather than locally. The self-organizing
properties of randomly interconnected neural networks with connectivity and nonlinear
feedback have been suggested for information processing applications such as pattern
recognition, image understanding, and robotic vision. The ability to reconstruct a
complete stored data sequence from a partial or distorted input "key" may have application
in rotation or scale invariant image processing.

S ."'

. .
i

A recent neural network model suggested by Hopfield? has been implemented optically.?
. Optics is especially well suited to implementation of such distributed associative memories
} because of the large degree of parallelism and interconnection capability. Nonlinear
in thresholding, necessary for the associative behavior of the Hopfield model, was implemented
optoelectronically in Ref. 3.

S} Close examination of the Hopfield model shows that it is analogous in many respects to
A holography, which in itself has been utilized as an associative memory. Input binary data
e vectors are multiplied by an association matrix, T,., which is formed from all the stored
vectors. This matrix represents a linear transformation and is analogous to the
) diffraction of wavefronts involved in recording and reading an optical hologram. It will
! be shown below that the T:; transformation is similar to the cascaded correlation and
" convolution operations involved in reconstructing a wavefront in conventional holography.
The additional features of the Hopfield model which are lacking in conventional holography
. are multiple iterations, feedback, and thresholding. These features improve the signal-to-
- noise ratio and tend to force the output to one of the stored states. The nonlinearity of
N an associative memory is a key advantage over a simple correlator. It allows the
quantization of intermediate results when several stages are cascaded. The quantization of
intermediate results has been shown to greatly improve the net signal-to-noise ratio of
:6 cascaded systems.*
N
W Holography has potential advantages over optoelectronic implementations of associative
memories because of its high information storage capacity and an ability to store three-
A dimensional wavefronts, including both amplitude and phase information. In the following
s sections we discuss the similarities and differences between holography and the Hopfield
‘ i model. In addition, it will be showr that nonlinear thresholding, iterative behavior,
feedback, and gain can be added to a holographic memory by placing the hologram in an
. optical cavity formed by two phase conjugate mirrors (PCMs). Such a configuration combines
o the advantages of holography (full all-optical parallelism and high information capacity)
R with the nonlinear error correction properties of associative neural nets such as the
) Hopfield model.
i: Analogies between holography and the Hopfield model
L In the Hopfield model, M binary vectors, v(®), which are N bits long are stored in a
i matrix, T , defined as follows:
- T (m) — -
o T g (2v‘1 - l)(2vj - 1) if 1#3, O otherwise
e SPIE Vol 625 Optical Computing (1986 - 205
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The vector components, v, (™) assume values of 1 or O, and the corresponding stored
components (2v. (™) -1) assume values of 1 or -1. If T. 1s mu.tiplied by an input which 1is
a partial or distorted version, $im0)  of one of the Stored binary vectors. the b:it,

§.t"0) s an estimate of the stored bit (2v. "0y
3\ ~ ~ 7
e(mo,: v TV\mO)
: T )
J
IOl o0 ° (m0)
= 2v! '—1).§.(2\'§ )—l)v. /
: ;¥ J J
m) 5., (M) oo (=0
- 2v( -1) (2v: -1)v
jgz mng ( 1 ! J ) J
. o (m0) (m) - ‘m) > (m0)-
= N - N 2y, - - 2v:T -1 2v -1)v. ,
a b i b mng evy ~;§; J ) M -
where N, is the number of Is in ¢'"%' which match vi"® and N, 1s the number of ls +h:ch
do not match A thresholding operation on v'"° 1mproves the signa.-to-noise ratic The
first term of the avtove equation :s the des:ired stored vector which has the largest :nrner
product or "corre.ation” with the :nput vector This 1s ana.ogous to holography :n =»n:ch

it can be shown that the input wavefront 1s corre.ated with the storea wavefronts anid the
result convo.ved with the corresponz:ing output wavefronts.® As 1n nolography, the
correlation va.ue :s dependent on the form of the stored data, a.though in different ways.
In particular, the facter N, N, mu.t:p.ying +he desired vector is not dependent scie.y on
tne Hamming d:stance of the input vector from the stored vectors. but :s aiso deperaen® on
the number and distritution of ls irn the data For example, if tie storea vector :is
11110000 and the 1nput word 1s 11111111, tne Hamming distance 1s 4 but tne "corre.a‘'ion
vaiue” N,-N, is O

An interesting feature of the Hopfield model is that the complement of a stored vector
is also an eigenvector of the system. Note that for an original stored vector N, is large
and Ny is zero, while for its complement N, is zero and N, is large and equal to the N,
value for the original vector Both the stored vector and its complement maximize the
absolute value of N, -N, and thus are eigenvectors (stable states) of the system. The
analogue in holography is that if the wavefront A reconstructs B, then by invoking

Babinet's principle it can be shown that 1-A, the complement of A, will reconstruct 1-B,
the complement of B.

If the diagonal terms T,; of the association matrix are not set equal to O, a third
term appears in the last equation which is a reproduction of the partial input vector.
This term is analogous to the zero order term in holography which leaves the addressing
beam undeflected and multiplied by the autocorrelations of all stored images and reference
beams. In the Gabor-type on-axis holograms, the zero order term is superimposed on the
image itself thus degrading its discernability. This confounding superposition would have
occured in the Hopfield model as well if the diagonal terms had not been eliminated.

The Hopfield model can also be adapted for hetercassociation by suitably modifying the
T., matrix. In heteroassociation an input vector recalls a completely different stored

J ) .
vector. The corresgonding heteroassociative properties of holography are well known and

routinely utilized.

The second term in the last line of the last equation represents noise from the
correlation of the input vector with the undesired stored vectors The mean and variance
of the output can be easily calculated and related to the signai-to-noise ratio before
thresholding. If it is assumed that the vector components are statistically independent
and the number of 1s in the stored vectors 1s approximately equa. to the number of Os

(expectation value of T'J 1s O}, then the mean and variance are given ty
A 4
n- € ¢ (- L ox N ae (PO
1 1 : a o] 1
02 -E © 'm0 ?2
1 R i
. ‘m ‘e (m} (m"} _ (m0} ° (mO).
- M , e ¢ . ( Tiv. s
E m%mo‘z\x 1 2v1 l)\2v) 1)\2vJ, vJ v) )
o' #m0
MR
] #1
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Because of the assumed statistical independence of the vector components, all of the terms

vanish except for m=m' and j;=j' so that

2 S (m) ,,2,4.(m 2,0 (mO),2 .
= D B IR At dE | O
a E N m;mo(2\1 1 \ l) \"J ) .
R
= ! - N - N,
‘M D IN = N
where E denotes expectation value and (N,-N,) is the mean number of 1s in v("%)  The
variance is independent of ti1t position 1. The signa.-to-no:se ratio before thresholding

‘which 1s the same for each of the N pits of the reca..ed vector) :s given by

Noo- N,
SNR - 7L - A 2
o JM oo 1N - N
a o
The above resuit reduces to that in Ref 2 1f{ N,=N 2 and N,=0. This, however, may nat
always be a good assurwptic~. [f tne storea gata are nonrandom and there i1s some

correlation between components of the stcred vectors ,expectation value of T | not egual %o
0!, then the mean value cf the oltput :s g:ven oV ’

- . 'm0 - ‘) [ {m0)
= (N - N ey Y SRR TI
TiT e STV ! mng ng a-i Y
ST T T VR R A UL
a C i ¥ Lol :

where f is given by

£% o v ® oy ey

1- : 1 ] -
and is a measure of the statis::cal correlation of pairs of bits within a vector (assumed
in the interest of simplicity to be the same for all stored vectors) as a function of their
separation, i. Statistical correlation between neighboring t:its results in a nonzero f .
Thus for "nonrandom" data a new error term appears which 1is the input vector convolved with
f,. A corresponding expression can also be caiculated for tie variance which includes the
effects of statistical correlation between neighboring bits

2 .
%M 1IN -N) - VoM o33y T £ f. . f. ..
a b — - LRI e B e
4 ME I
P4
2
- bt ow ok S S
4 LS 2
3£
The variance is again independent of bit position 1 because we have assumed that f,, is a
function of separation i-j only and not position The variance is increased oy a large
amoun® .and the signal to-noise ratio decreased) by such statistical correlation. The
performance of the Hopfieid model 1s therefore very dependent on the randomness of the
stored data In some appiications such as i1mage storage strong statistical correiations
wili exist between the components of stored vectors In such cases it would be necessary

to utiiize a "randomizing” transformation of the iata 1n order to use the Hopfield model.
This 1s again analogous to holograpny 1n which the quality of reconstruction 1s i1mproved by
using 1mages with a sharp autocorrelation peak and uniform cross-correlation functions.
Dif{isers are often used in holographic systems to randomize the wavefront at the hologram
and i1mprove the reconstruction guality

A diffi-alsy with *rans oo lopTiel s mose, 1iTect .y 10t~ *re nSrtical iomain IS
1ts relative storage :nef{f: M is .:z:i*e1 "> acrrox:zate.v O 153 N for one-dimens:iona.
vertnrs® In add:¢:1on, T.Tecsitta. 1TAgPS reruires a o - gimensionail
matrix. T Ionpiezent: cesear.y Ta*ri¥ TA'TIX TU.Cirf.icatior 1§ awkward us:in
sfa*:al light modulatcors Ar a.termate rroacn 1S T o oamrine noLography.

4326 Snown above to exhirit m Yoree ewsert . tTeatures cf an asssojative memory Aittoa
mecrhan sx ‘o provide *ne aiig o terative av tt Lty feeziack. an: tnreshoe. 11nE
featirss of neura. netwcre zTolels Prasne 5LoLgA4 LU, L partio..ar four wave DI .
FrRotore . ractive Srvetals, 1S &Lt a4 me tnatism oAnt ALLL Te o 1es Tooe gl Lrofne next sectiooa
SPIE voi 625 Optical Computing (1986, 207
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An implementation of a nonlinear associative memory based on a LO.Ogram S.tuat el

cavity formed by two phase conjugate mirrors i(PCMs' :s 1l.lustratea :n Figure | Loz
~ .. - v I3 .

another proposal for a nonlinear holographic associative Temory,.,  ©uUr 1Dp.ementat:on

requires on.y a single hologram which 1s S:mu.tanecusiy addressez oy *he .nput wavelr~n®
and by reconstructed ot:ect and reference savelronts which were .sez .r recoriing t:.e
hologram. PCMs are usea for beam retroreflection, gain. and trresno.iing This pr-»
the necessary nonlinearity which favors the strorng.y rorre.ated «i1gna.< anz forces tre
system tcward a stab.e state. The use of PCMs a.so results :n tne automa®ic se.f a

of the object and reference waveironts wiln respect %o “he no.0gram. e..minating soxe

.
the critical alignments necessary 1n the tac no.ogram approach.

The memory ronsis*s of a ho!l

plane wave reference. ¢ | as 1 g
sequentia.ly onto the no.ogram:. bl
wave reference Tre +a0 legs of S r
each with i%s respe~tive PCM A part:ial cor a:is
reference reams. (¢ - Tre wavelrernt ¢ s foc
thresho.d for m:ugat:cn and may, fcr exacrie,
or a stimu.ated Brilicu:in scattering ce... Sin

ve reference componen
onlugate the Jdes:re:
cred con-tugated ref
e ne hoiogram and gen

igate1 ry PCM 2 tack to the holograzx
rarsisr ~f an externa..y pumped photorefrac
3 ana “he ~“Nvo.e repeats witn an improvement

e governel oy tne PCM cavity response °,
rac.e *~ *ne .ogses

_ens. the ues.

inoturn ALLl thresnhc.d an
N :

X € 1n the cavity, os<ci..a*:
r o rea. bt rv:a. :mages of the storez cz-e
wilnotne lngput or et
Ore atvartage 7 <:n:is "vie 7 notlinear assoriative
“nat thresno. re on "re refierence beag ratner
~rerefore iiTer<e.ona. grav-sca.e i1mage
crocess Alterrnat:ivel.y ., thresno.ad:ing can te performzesn
of two-dimensional Tinary 1zages 1s aesirex Tre mezo
the Hopfield mode: The mermory can aiso be ysea ° k
1nput ot’ect reca..s a comf.ete version of a if
rae relerences the .ens :n Figuire 1 srou.
LnresncL.ilnEg can te pericrzeaq Tre resc
~rosstalx petween pixels at o cre PCM

The chie-+ and relerern » |egs are se.{ aligr.
~ne PCMs An alignment reguirement eXiSUS. houeve
Tre trans.atinrna. A.'gnmer* a~~racy re~uivrey ~arn
*ransicrz hologram - ’

Tac regimes ~{ -~ceravi~r e
i vrhe PCMs 1s ircreased Y
~reratez as a Farry-Per~* rav ~gram
Referring %o Figure 2. the o PSS A
csci.l.ating waveflronts :@n ‘ne Cavit,
> Y a—
< < - - oo -
Co a'z, -taR,R., + | 2 S
A i IR - 1
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a “orre.ation of the input witn o tre <stored
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FTorer N
Tre “trer regime cf -rera‘icn 1s one 11 anicn *ne comnines gain of *ne PCMs exceeds “he
ALity Losees eog o ¢f3THLR. 1S greater tnar | rotnss regime a., ~f tne <tored
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for an associative memory. Therefore, either reacdout pust be performed on *ime sca.es
comparable to the cavity response time (berore steady state :s reached). or means m:s' bte
provided for modif:cation of the gain by the i1nput. For exazpile. a two-wave mix:ing
photorefractive crystal operated in the counterpropaga‘ing zczed ana loca%el :in *re
reference arm as shown in Figure 3., would impart a .arger ga.in to ine stronger relferonce
component By proper orientation of the crystal, the relerence component grcopaga“:ng
toward PCM 1 acts as a pump for the conjugated ref ere ice component propagating fack Cosard
the hologram Since the two gounterpro“agat1ng reference corponents are con;ugates <f =2a:n
other, their overlap i1n the crystal 1s maximized. wn:icn ennances energy transfer cetaeen
them. Therefore. the strongest reference will have *ne largest ga:n, and 1Us asscoiateld
stored object will be favored to oscillate Alternatively. Tne tan-wave mIXITg Trverta.
could be locatez 1n the obiect arm, but in this case "he reazout oT;ect Tay oe di1stcrtied

The holographic phase conjugate associa‘tive memory ~an nave gain in that the oy rpgt
amplitude can be greater thar the :nput. Therefore. 1t zav ce possib.e tnha® severa. s.;-n
units can be cascadea cr fannei out to forx more comp.:ca%tea "trees" for higner craer
computing Such as sSy=To.ic manipuiation he error correctling capapi.ity ¢! nen.inear
associative TerTosries 1s necessary !or such stiructures
Experizerta. resu.'s
Our exper:mental arrangemen* .Figure 4 was a sing.e-pass, non:terative system
consisting =of the hol.ogram anz a phase con:ugate mirror Trhe nhclogram w~as gpars® of 1
Newport Cerroration thermoplastic hoiograph:c camera. The pnase conjugate zirror was
produced by 1egenerate four wave mix:ing :i1n tne ,“oto*eAractzve crvstal BaT:0, The
hologram was gererated by recordiing *he interference of an ot;ec"” beam. a Sing.e
transparency con<isting of fcur geometr:ica. snapes in contact w:ih a '
‘Figure 57/a';}. and a spher:ca. Z:verging refnrence Tean Upon 1lluiz:in e
by the object team (or & c <,. the 3diffracied beam propagating i-
direction of the refer e necomes *ne prope beam {or a alegenera
‘DFWM) svstenm The s: e ared ov DFWM is trne phase ccn:ugate o
propagates back toward ram and recreates the oC:ect Dnearm T
beam has all of *he :rformat:on ~riginally contained 1n thne :nput ima
uSing a fpartia. :input. one of t:ie geomeiric snapes (Figure 3 © anz
rmage of four shapes was regeneraten Figure 3ic)) As experten. *rne .
reconstruct tne oh:ect image -+ the input otlect was trans.:'ea !rom Che origina.
position at wh:ch the hc.uogram was recorded. This verifiec *:a%t *ne comp.ete output 2Lb'ect
was genera*ed by “he :incomp.ete inpu*t object and rnot by a s°*: ceamn tHHigh resciu*:
grayscale images have a.so been reconstructed using this svs-
Ir one imp;ementa’ion of *he associative memory mu.%tip.<
angular zultiplexing of plane wave reference beanms As a :
storage. we demonstrated in ano-her series of experiments v
cavity can operate w:th a nologram f{ormed with muitipie p.
were used to form gratings 10 a Tichromated gexat‘: hoLeogr
diffracrion efi{ic1en-v The rescnator., shown :n Figure 5. oy
pumped BaTi10,; . an i1ntracav:*y hologram of twc super:imrose
ccouplers norma. *~ earn 7 the diffractea beams Tne rei.
enough to overcoze *ne Coptica. .OSS€S SC Ccferation aas 1o
greater *tharn | The rescnator ~2ul1 te zade tc ceci..ate R
COUELer ¥V a7l ,s*ing ‘ne (0SS 1T ei*her ta‘h. Trne nss w
dens:*y filrers cetamar *he ootpge CupLer Aani ‘e noLloUgrazm Toooe simoLoate st w0l e
[ zoi.fy:ng fre gain oacooraiing t tae ih;ﬂ’. A I A T G
I+ was determines *ha* 1n «<*eaqy s*a‘te ~nly ~re mE L At : cime IO :
the *NO resnnatoar moiles Tver a4l siAdia..y ALl are t Tt e sane @A Trene e .
the mode withotne (eas*t | =S 0oL = Amr . P toe e * . rves L i
operated a ~avity witr ta POVMG cy repaog T PR LTt At sy PO oo
ﬁ. d
SuTmary )
-

An 2.l mpti-a. st linear ass oo LTI SR t T : e - i
formed by pnase ~~r - ,ga*e 7.1 vs R U PURI SR e d
neura. nEeLWCrK ToZe. 1.8 .5%¢ ot ATt lawe L4t Taircore oanoprosua /
the ncnlinear feedranrxk ant *rros: s A i cat e toeoon R 4
model The experigernta. re-nr<e - Tromoaorart oo eToT et oty oo ]
“31NG A SITELe [ASS oo 1terat e . DRI SIS - :i ‘
Loungram, & have s:oan trac - eLtler ' : ' H
O DETLLiate Lt gy BeT o etroat sttt memot A : ST - )
The snerzmnor axe - Ream te g maeers R e T U R v ' -
photorefrac:ive - CINEN Trooe 0L e Teegl ot : i ' o ©ran ) ' -

a necessary frere R T - e A oo LT -7
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ASSOCIATIVE HOLOGRAPHIC MEMORY WITH FEEDBACK
USING PHASE CONJUGATE MIRRORS

Invited Paper

Y. Owechko, G.J. Dunning, B.H. Soffer, and E. Marom

Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, California 90265

Abstract

Associative recall of grayscale holographic images with gain
and selectivity is demonstrated using phase conjugate mirrors for
thresholding and feedback. Analysis is presented for both device

and resonator cavity thresholding.
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ASSOCIATIVE HOLOGRAPHIC MEMORY WITH FEEDBACK
USING PHASE CONJUGATE MIRRORS .-
Y QOwechko, G. J. Dunning, B. H Scffer, and E. Marom
Hughes Resear:h labcratcries

3011 Malibu Canvon Road
Malibu, California Q02565

Background:

Asscciative memories and associative processin have many
applications in symbolic and parallel computing. Optical
schemes, in particular those based on holographic principles, are
well suited to =associative processing because of their high
parallelism and storage capacity. Previous workers? have
demonstrated that holcocgraphically stored images can be recalleaq
using relatively complicated reference images. In this paper we

describe the use of phase conjugate mirrors (PCM’s) to improve
the selectivity and performance of a holographic associative
memory by introducing gain, feedback, and thresholding.

Associative properties of holograms

The formation of a hologram involves the exposure of a |ight
sensitive medium w'th two coherent wave amp!itudes A(u,v) and
B(u,v) generated by two objects a and b. When 1rradiated by a
complex waverront A (u,v), which s a cistorted or incomplete
version of A{(u,v), the amplitude after the hologram i1s given by:

AGIA+BI? = A (IA[2 + |BI?) + AdAB*+ AdA*B (1)

The last term of this expression represents the
convolution of the object b with the «ccrrelation of a4y and a.
For most natural objects there s sufficient phase variation so
that f ay is i1dentical, or <close, tc a, their correlation

provides a sharp peak and b 1s fa.thfully reconstructed.

Multipie objects b, can be stcred 'n a hclogram, each
associated with a different reference wave a. This by itself
acts as a linear associative memory, s that a distcrted ay; can
be represented as a weighted supe-position cf several aj, without
discrimination. T~ display only the «¢biject b, most closely
associated with a,,, thresholding s reguired to pass only
ag;a;"b;,. Another usetul applicaticon of arn associative memory
s the generation of 4 complete stored cbiject a from a partial
version of the ot ject, a,. It can be showr that 1f the last term
n Eg (1) is used t. readdress the hologram, a complete version
of a 1s generated In the next secticon 1t will be shown that
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&: PCM’s can be used for the readdressing function and in addition w4

= provide gain for «cascading associative modules and thresholding e

to improve the selectivity. o~

' Holographic impiementation of an adsociative memory utilizing by

phase conjugate mirrors. r?

= The memory consists of a2 hologram in which a stored object, fﬂi

) a;, Is written using a plane wave reference b,, as illustrated in o
Figure 1. The two legs of the memory consist of a reference leg
l_! and an object leg, each with its respective PCM. The two PCM’s
© form a phase conjugate resonator cavity with the hologram
. determining the transverse mode structure. A partial or
31. distorted input object ay; generates a distorted reference beam
v by;. The distorted reference by; is focused by the lens onto
PCM 1. PCM1 is a thresholding conjugator, e.g. SBS or self
- pumped photo refractor. PCM 1 thresholds by;, conjugates, and
. reflects it back toward the hologram as a partially restored
' reference b;. This partially restored reference then illuminates
. the hologram and generates a partially restored object a, which
NS is conjugated and reflected by PCM 2 back to the hologram
- (without thresholding). If the initial gain exceeds the losses,
' the system will oscillate as a resonator. The restoration
= proceeds at a rate governe. by the phase conjugate resonator
> response time. If a fixed hologram is used, many objects can be
stored in the hologram by wusing different reference waves during
e recording. The memory will then select the stored object having

i the largest correlation with the input object.

o In the above system the net gains are zpproximately equal for
- all the stored objects. Discrimination is accomplished by

utilizing the threshold characteristics of the PCM. It is also
possible to discriminate between stored objects by modifying the

l. gain for a particular object according to the input and utilizing

p the cavity threshold for osciiiation.

o A possible variation of the system would be to use a

- spatially modulated reference beam in the formation of the
hologram. For example, the stored object a, could serve as its

. own reference beam by employing 2 beam splitter in the proper

- tocation. Furthermore, a different object could serve as a

L3
»

reference, resulting in a hetero-associative memory.

}: Experimental results
A We have demonstrated in preliminary experiments the total
reconstruction of an image when only a partial image addressed
W\ the system. This was done in the single pass configuration shown
- in Figure 2, which consisted of a singie image hologram, acting
as the memory element, and a non thresholdipg phase conjugate
. mirror. The hclogram was recorded at 5145A using a Newport
Lo
te
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t&j Corporation thermoplastic holographic camera . The phase -
N conjugate mirror was produced by degenerate four wave mixing Iin R
Aiﬁ ' the photorefractive crystal BaTi0;. The hologram was generated
1 ‘ by recording the interference of an object beam, (a transparency <
_ of four geometrical shapes Figure 3A), and a spherical diverging 2
:g} reference beam at the holoaram plane. Upen 1l lumination of the
'}{ hologram by the object beam, aor part of t, the diffracted beam .
‘ﬁi propagating in the original direction of the reference beam -
"ij becomes the probe beam for a degenerate four wave mixing (DFWM) )
'.i system. The signal generated by DFWM is the phase conjugate of = |
o the probe, 1.e. the reference beam propagating in reverse. When 1_‘
.}{ the DFWM signal i1lluminates the hologram a portion of 1t s -
e diffracted, recreating the object beam. Thus, using the input of
ey a partial object image (Figure 3B), merely one of the four o
- gecometrical shapes, the entire object image of four shapes was -
. regenerated (Figure 3C). As expected, the system did not
i reconstruct the object image when the input object was translated -~
[ from the criginal position at which the hologram was recorded. -
f-- This verifies that the complete output object was indeed
:ﬁ generated by the incomplete input object and not by any other .
SN beam. Grayscale images with good detail have also been f;
e reconstructed with this system. =
-
o Conclusions
e An all cptical associative memory employing a hologram in an
o optical cavity wutilizing phase conjugate mirrors has been
l} described and nitial experimental results presented. The phase -
g conjugate mirrors provided nonlinear feedoack, thresholding, and ﬂ
o gain, improving the selectivity and stab:lity of the memory and
- . allowing cascading of such associative modu'les. The
o reconstruction of an object from a partial i1nput was v
- demonstrated. -
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Impiementation of an associative holographic memory
using phase conjugate mirrors.

Experiment which demonstrated the complete object
image reconstruction from a partial input image.

Experimental results: (A) image stored in memory;
(B) partial input i1mage; (C) associated output
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ASSOCIATIVE MEMORY IN A PHASE CONJUGATE
RESONATOR CAVITY UTILIZING A HOLOGRAM

Y. Owechko, E.Marom, B. H. Soffer, and G. Dunning
Hughes Research Laborator es

e Malibu, California, U. S A
s
5 An all-optical fully paralliel associative memory system is
' !' described which utilizes a holographic data base. Phase
VN conjugate mirrors are used to provide feedback, thresholding and
o memory. Preliminary experimental results are presented.
e e
:ﬁ "2 A large body of research work in the area of neural network
f > model ing has demonstrated the feasibility c¢f associative memories
based on systems of distributed and interconnected memory
{§ x- elements with non!tinear feedback. Such associative memories have
3; A several useful properties including the reconstruction of an
:B output from a partial input, heterocassociation, and relative
Qi ﬁ. insensitivity to damzae or modification of the individual memory
Ky elements since data are stored globally over all the elements
e rather than locally. The self-crganizing properties of randomly
i interconnected neural networks with connectivity and nonlinear
ﬁi RS feedback have been suggested for information processing
‘o * applications such as pattern recognition, image understanding,
o and robotic vision. The ability to reconstruct a complete stored
™ iﬁ data sequence from a partial or distorted input "key" may have
. application in rotation or scale invariant image processing.
o Close examination of the Hopfield model shcws that it s
R analogous in many respects to holography, which in itself has
{5 been utilized as an associative memory. Irput binary data
: vectors are multiplied by an association matrix which 1s formed
= l, from al! the stored vectors. This matrix represents a |inear
fi transformation and is analogous to the diffraction of wavefronts
s, involved in recording and reading an optica! hologram. We show
RN that this transformation is similar to the cascaded correlation
. and convolution operations involved in reconstructing a wavefront
kS in conventional holography. The additional features of the
= Hopfield modei which are lacking in conventional holography are
BCE multiple iterations, feedback, and thresholding. These features
:ﬂ improve the signal-to-noise ratio and tend to force the output to
oL one of the stored states. The noniinearity of an associative
;- - memory is a key advantage over a si:mple correlator. It allows
‘; - the quantization of intermed ate results when several stages are
>4 cascaded. The quantization of intermediate results greatly
f{ improves the net signal-tc-no:se ratio of cascaded systems.
fﬁ Holography has potential advantages over optcelectronic
ORI ‘molementat ons of associative memor i es because of its high
: ;; information storage capacity and an ability to store three-
=, dimensional wavefronts, including both amplitude and phase
:y . information We dis-uss the similar:ties and differences between
ﬂ - holoaraphy and the Hopfield mode Irn additior, we show that
2
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nontinear thresholding, iterative behavior, feedback, and gain

can be added to a hoicgraphic memory by placing the hologram in
an optical cavity formed by two phase conjugate mirrors (PCMs)
Such a configuration combines the advantages of holography (full

altl-optical paralielism and hignh information capacity) with the
nont inear error ccorrection properties of associative neural nets
such as the Hopfiela mcdel The use of real time adaptable

memcry employing photcrefractive cryvstals 1s alsc aiscussed.

We have demonstrated two key features of an all optical
associative memory. First we have reconstructed a complete
2-dimensional gray scale image from & partial input, and second
we stored a pair cf 2-dimensional images and reconstructed either
complete image from its associated partial input. We use a
hologram as a memory element in an optical feedback configuration
which utilizes phase conjugate mirrors. A holographic memory s
used because multiple gray scale images with large space
bandwidth products can be stored by use of angular multiplexing.
In addition the information 1s stored globally, and is processed
rapidly in parallel. Phase conjugate mirrors are used to provide
regenerative feedbtack, optical gain, and thresholding. In one
set of experiments we stored a 2-dimensional gray scale image of
a person’s face. We were able to recall the entire face by
addressing the system with merely a portion of the face. 1In
another set cf experiments designed to demonstrate the system’s
selectivity for multiplie stored objects, we stored the two words
OPTIC ana WAVES. Wren a portion of either word was input to the
system, for example the W, the entire word WAVES would appear at
the output suppressing the word OPTIC. C(Conversely when merely a
single letter of the word OPTIC addressed the system, the
complete word was procuced at the output
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> G. Dunning, E. Marom, Y. Owechko and B. Soffer -
- . 2
- Hughes Research Laboratories o
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ABSTRACT =
>
(o N
An all optical associative memory which incorporates ji
N holography and phase conjugation is described. We present ﬁ:
Y AN
-i experimental results which have reconstructed 2-D images with e
. . . . X
grey scale and high spatial frequencies when only a partial image R
u was input 'nto the system. -
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G. Dunning, E. Marom, Y. Owechko and B. Soffer
<
\l‘ .
Hughes Research Laboratories
;‘ 3011 Malibu Canyon Road
- Malibu, California 90265
“
J“'w
-
- SUMMARY
'x We have demonstrated an all optical implementation of an
- L . .
associative memory. An associative memory is a device which when
:ﬁ addressed by 2 partial, noisy or distorted version of the stored
o data generates the complete version most closely associated with
.. that input. We have used a hologram as a2 storage medium in an
. optical feedback configuration which incorporates phase conjugate
. mirrors. The hologram is capable cf storing multiple images and
:3 we exploit its inherent asscciative property. Furthermore the
information is stored globally and is well suited to paralliel
. processing. The phase conjugate mirrcrs are used to provide
»
regenerative feedback, optical gain and tkresholding. We have
ﬁ stored a 2-D image with grey scale and high spatia! frequencies
s and have been able to reconstruct the entire image by inputing
i Just a portion of the stored image. In acditional experiments we
T
A have demonstrated the system selectivity when muitiple plane
R wave objects were stored in memory. By using a resonator
% configuration and simulating threshold behavior the system was
able to select and reconstruct the desired stored object.
=
¥ ;!
The static recording medium used in our experiments could be !
- replaced with rea! time recording medium. This would allow the ;;:
é w
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stored data to be updated or changed based upon the output. We
will discuss the possible applications of the device in various
areas of.artificial intelligence, that is symbolic prccessing and
computation. We will present schemes which exhibit logical

decision making and image cl!assification.
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. Holographic Associative Memory Employing Phase Con;ugation’®
B.H Soffer, E. Marom. Y. Owechxo. ana G Dunn:ing
u Hughes Research Laborator:es

Expioratory Studies Depar:ment
3011 Maiibu Canyon Road

- Malibu, Cai:ifornia 00265
\‘
| -
- Abstrac:
.I The principle of information retrieva. by asso-:ati:on has been suggested as a bvas:s ' -
.. parallel computing anc s the process by whicn human memory functions * Var:ious assc .ative
processors have been ; posed that use electironic or opt:ca. means Uptica. scnemes °
particular, those basec on holographic princigies.’ ° are we.. sii1ted to assoc:ative
o processing because of their high parallelism and :rformation *rrougnput Previous worcers®
W demonstrated that holograph:ca.ly stored images can bpe reca..ed Dy usSi1ng re.ative.y
. complicated reference :mages »ut did not uti.:ze non..near [eegbacxk *0 reduce tne _arge
cross talk that results wnen multiple ob;ects nare stored and a par*ia. or distortea .:p.* .=
~n used for retrieval. These ear.i1er approaches were _:m:ted 1n their agi.:tly 10 recons’r.ct

the output object faithfu..y from a part:ai :input
ntrodiction

We will combine the principi.es of holographic memor:es and phase conj;ugation '© imp.emen:

"o a novel, ali-optical ho.ograph:c associat.ve memory And Symbo.:C frocessor An assoc:ative

}( memory performs image retrieval when partia. or noisy .mage 3Jata are input to “he gevice

- The memory, a hologram, 1s capable of giobal.y storing m..tip.e three-d:mensiona. 3-D)
objects. To improve device performance. a non..near :i1nteraction 1S ooptained ry us:ng phase

- conjugate mirrors {PCMs) which provide retroref.ection. regenerative feedback. "hresno.a:ing.

o and amplification. (See Ref O for a detaijied discuss:on ; By utilizing real-time

o holography, learning can be rea.ized

. We have demonstrated an associative memory capable of retrieving up to “wo stored 1mages

» > from memory. This has been a~ni1eved by using the propert.es of phase con;ugation ga:n,

ib threshold, and wavefront reversai. PCMs provide “he necessary nonl.:nearity to favor the

strongest correlation between the partial or noisy :input da-a and the associated data stored
in the hologram.

-, As shown schematically in Figure 1, a single hologram 1s simu.taneously addressed by the

' object and conjugate reference beams, the latter acting as the key that un.ocks tnhe

assoc:ated i1nformation The memory consists of a hoiogram 1n which a storea oo ect., a . s
written using a piane wave reference, b The two .egs of tne memory cons:s' of a referen-e

. leg to the left of the ho.ogram and an object ieg %c -nhe right of <he ho.ogram Each leg

I has 1ts respective PCM A partia. or distorted i1npu* objecti, 4 ., generates a distorted
reference beam b . This distorted reference beam 1s focused oy *he lens on*o a tareshoiding

o conjugator, PCM 1 The desired p.ane wave reference componen: becomes *he 1nput to PCM 1

o - PCM 1 will threshoid this inpiut ceam, then conjugate. ana reflect :% cark toward the

oy hoiogram as a partiaiiy restored reference, b" Th:s partia..y restored reference tnen

addresses the hologram and generates a partial.y restorea object The ob;ec: veam 18

conjugated and refiected by PCM 2 back to the hologram (w:ithout “hresnoiding: Thresholding

D is not done in this leg because desirable i1nformation wou.d be lost :{ the image contained

o gray-scale infcrmation. The round “rip is “hen comp.etea and the cycie repeats The i1mage
restoration proceeds at a rate governed by the phase conjugate resonator response time

. If <he combination of PCM | and PCM 2 has ga:in comparable to the .~sses in the systenm,
B “he output will converge to a rea. image of the compiete stored object By using a
o hoiogram, many objects can be stored i1n the hoiogram by using different reference waves
The memory will then select the stored object having the largest correiation with the input
ohject. The object and reference legs are seif-aligning with respect to the hologram
) pecause of their phase conjugate nature There 1s an alignment reguirement, however,
. te-ween the partial input and the stored hoiogram. The transiational alignment accuracy

) required can be reduced by uti.izing a Fraunhofer (Fourier transform) hologram A poss:bie
variation of the system would be to use a spatiaily modulated reference beam 1n the

}5 formation of the hologram For exampie, an object could serve as 1ts own reference beam by L
-y espioying a beamsplitter 1n the proper iocation Furthermore, a different object cou.d
- serve as a reference resuit:ng 1n a heteroassociative memory. ™
SN
<
L N .,
- T Presented at the International Optical Computing Conference, Jerusalem, Israel, July 1986 _i\
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Figure 1. Implementation of all-optical associative memory

utilizing nolography and phase conjugat:ion.

Re.ated Experimental Results

Preliminary experiments have demonstrated the total reconstruction of a 2-D 1mage when
only a parria. :mage addressed the system. This was achieved using the single-pass
configuration shown in Figure 2, which consists of a single-image hoiogram acting as the
memory element and a nonthresholding phase conjugate mirror. The hologram was recorded by
using a thermoplastic holographic camera. The phase conjugate mirror was produced by
degenerate four-wave mixing in the photorefractive crystal BaTiO,. The hologram was
generated by recording the interference of an object beam (a transparency is shown in
Figure 3(a) and a reference beam at the hologram plane. Upon illumination of the hologram
by the object beam, or portion of it, the diffracted beam propagating in the original
direztion of the reference beam becomes the probe beam for a degenerate four-wave mixing
(DFWM) phase conjugate mirror. The signal generated by DFWM is the phase conjugate of the
probe, 1.e., the reference beam propagating in reverse. When the DFWM signal addresses the
hoiogram, a portion of it is diffracted, recreating the object beam. This object beam has
ali of the information originally contained in the input image. Thus, by using the input of
a partial object image Figure 3(b)., a portion of the portrait, the complete object 1mage
of the entire face is regenerated Figure 3(c)]. In order to address the issue of angular
multiplexing of objects, it has been demonstrated that the device can operate when two
images are superimposed on a single hologram (see Figure 4). The two words, OPTICS and
WAVES, were recorded by double exposing the hologram. Each was recorded with its own
reference wave. When a portion of either word was input to the systen (for example, the W),
the entire word WAVES would appear at the output, suppressing the word OPTIC. Conversely,
when just a single letter of the word OPTIC was input, the complete word was produced at the
output. The corresponding experimental results are shown in Figure 5
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Figure 2. Schematic of 2-D image gray scale experiment.

(a) IMAGE STORED (b) INCOMPLETE (c) ASSOCIATED
IN MEMORY INPUT IMAGE OUTPUT IMAGE
Figure 3. Experimental results of 2-D gray-scale experiment.

(& ,}i{ & -“,-

(a) Image stored in memory. (b) Incomplete input image.
(¢) Associated output image.
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(c) Associated output image.
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Initial experiments demonstrated two key features of an all-optical associative memory
and processor. First, a complete 2-D gray-scale image with high spatial frequencies was
reconstructed from a partial input. In addition, system selectivity was demonstrated for
multiple stored objects by storing a pair of 2-D images and reconstructing either complete
image from its associated partial input.

In current experiments, we are investigating an associative memory capable of storing
multiple gray-level images in the complete resonator configuration with thresholding. 1In
addition, we are incorporating real-time photorefractive materials, e.g., LiNbO,, as the
main holographic memory element.
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b A more extensive analysis that that given in the SPIE paper
-8 reproduced above, leads to the following conclusions regarding
r}ﬁ shift invariance and signal to noise. For one dimensional
s objects (fo compare with Hopfield vectors) we find the signal to -
noise is: -
i% S/Noise = f \fg— \/—E— (without nonlinearity)
o ) 2 M-1
- where N is the number of object resolution cells N=w/d (a given o
o quantity); maximum allowed shift = AX=W/2 (minimum AX=W); AX is .
:3, the separation between references; output window width = AX; M
;} (number of objects)= FOV/AX; and f is the fraction of the input
" .
correlated with the stored vector.
Lo
For two dimensional objects: -
~ .. 3 N
"N S/Noise = 5 f M-l 2
o
ii The result for the 1-D S/Noise is approximately equal to that
fﬁ derived in our SPIE paper for the Hopfield model. In the
e Hopfield model the "zero order noise" due to the object -
autocorrelations is avoided by setting the diagonal terms equal .
5{ to zero T, ;=0 (as noted in our SPIE paper). 1In our case we avoid -~
o it by using off-axis references. We should have superior =
o performance compared to Hopfield for the following reasons: -
ﬂf . 2 dimensional images with gray scale are allowed and
L easily implemented
j; . much larger N is possible
® B
o= . fully optical system -
:ﬁ; . can trade off between amount of shift invariance, number
- of objects, and object width
Yo
o . can have good performance in many cases in single pass
o configuration without thresholding due to the S
:} correlation properties of random phase diffusers. "
:}::'1 .
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We have made an analysis of the fundamental storage capacity
of the Holographic Associative Memory using Ewald Sphere
constructions. This analysis concentrated upon the limits due to
the wave nature of light and the finite dimensions of the
hologram and neglected the material effects of saturation,
reciprocity failure, grain noise. Some of these effects, such as
the MTF of hologram medium, were included however. A typical
result for a thin hologram, assuming an object with 50 cycles/mm
maximum frequency, A=0.5 um and a reference beam angle excursion
of 23°, is that 10 holograms can be stored. For a thick hologranm
(100 um), assuming the same parameters as above, approximately
100 objects could be stored. There is a trade-off in the thin
hologram case between the number of objects stored and the degree
of translational invariance that can be enjoyed.

Lastly work was begun to implement psuedo conjugation using
liquid crystal light valves to replace the phase conjugation of
BaTi0; four-wave mixing as presently employed. The use of psuedo
conjugation is possible in this application because our reference
waves are plane waves or waves simply derivable from a point
source. The possible advantage of using such a scheme .ould be
speed of operation and elimination of the critical alignment of
many laser pump beams, as well as the reduction in the power

requirements of the laser source.

B. INTENSITY TO POSITION MAPPING SPATIAL LIGHT MODULATORS

. The variable grating mode liquid crystal phenomena and
- device, conceived and developed in this AFOSR program, in its
- present state of development has too slow a response time -
(typically tens of milliseconds rise time and hundreds of };
i milliseconds decay time) to be of practical interest for many jéi
applications. We have been examining alternative means to i °
$ provide the very attractive processing function of mapping iﬁ
~ spatially variant object intensity patterns to position in an i?f
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3 extended Fourier space containing object intensity as an S
5 additional parameter. Earlier in this program we had conceived T
' and implemented a device based on the refraction of light by an -
t array of liquid crystal prisms whose index of refraction would be =

locally modulated by the local intensity of object light falling
K. on an underlying photoconductive layer. This device also proved

to be too slow and the deflections too nonuniform for practical

= application because of the need to employ thick liquid crystal -
;; prisms with very nonuniform field distributions.

ﬁ In this period we have begun to examine a variation of this -
s scheme. Instead of an actual array of physical prisms, a set of

i interdigitated electrodes on a thin uniform liquid crystal layer, e
3 again sitting atop a photoconductor layer, form a set of virtual

prisms by voltage induced index gradients whose strength depends

'3 upon the local object light intensity falling upon the =

’ photoconductor. The deflection that can be achieved, in either

- device, depends only upon the maximum phase excursion in the

b, liquid crystal. The gradient index device is expected to perform

b - .

b better because of more uniform field distributions across each 8

. pixel. This work is in progress.
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